Animals must integrate feedforward, feedback and intrinsic mechanical control mechanisms to maintain stable 24 locomotion. Recent studies of guinea fowl (Numida meleagris) revealed that the distal leg muscles rapidly 25 modulate force and work output to minimize perturbations in uneven terrain. Here we probe the role of reflexes 26 in the rapid perturbation response of muscle by studying the effects of proprioceptive loss. We induced bilateral 27 loss of autogenic proprioception in the lateral gastrocnemius muscle (LG) using self-reinnervation. We 28 compared ankle kinematics and in vivo muscle dynamics in birds with reinnervated LG and intact LG. 29 Reinnervated and intact muscles exhibit similar force-length dynamics, with rapid changes in work to stabilize 30 running obstacle terrain. Reinnervated LG exhibits 23ms earlier steady-state activation, consistent with 31 feedforward tuning of activation phase to compensate for lost proprioception. Modulation of force duration is 32 impaired in rLG, confirming the role of reflex feedback in regulating force duration in intact muscle. 33
'look-ahead' control taking place over one or more complete stride cycles, and feedback refers to short latency 67 reactive responses to perturbations. 68
Although feedforward networks normally act in concert with feedback, feedforward motor activation coupled to 69 intrinsic muscle properties can be sufficient to produce stable gait, provided that central drive is well-matched to 70 anticipated load (Yakovenko et al., 2004) . Consistent with this, the lateral gastrocnemius (LG) of guinea fowl 71 (Numida meleagris) rapidly absorbs energy in response to unexpected drop perturbations (Daley et al., 2009) , 72 which stabilizes high speed running without a reflex response. Such rapid perturbation responses arise from 73 feedforward muscle activation coupled to intrinsic mechanical properties of the muscle-tendon tissues (Brown & 74 Loeb 1999; Loeb et al. 1999 ). The intrinsic mechanical responses can be actively tuned by the specific 75 feedforward timing and pattern of muscle activation. For example, humans hopping on surfaces with randomized 76 sudden increases in ground stiffness show an anticipatory, feedforward increase in knee flexion and leg muscle 77 co-activation, increasing mechanical stability (Moritz & Farley 2004) . Many perturbations involve coordinated 78 feedforward, feedback and mechanical contributions that overlap in time. Guinea fowl running over obstacles 79 employ a combination of feedforward, intrinsic mechanical and reflex-mediated responses to obstacle 80 encounters, with a sensorimotor delay of ~30-40 ms for reflex-mediated activity (Daley & Biewener, 2011; 81 Gordon et al. 2015) . Considering that the feedforward and intrinsic mechanical contributions alter the ongoing 82 muscle dynamics before the reflex-mediated response, it is difficult to disentangle the specific contributions of 83 proprioceptive reflexes to the rapidly stabilizing response observed in the muscle dynamics (Daley & Biewener, 84 2011; Gordon et al. 2015) . 85 86
Investigating the role of proprioception through self-reinnervation 87
Here we probe the integration of feedforward, feedback and intrinsic mechanical control by eliciting a 88 proprioceptive deficit in the lateral gastrocnemius muscle (LG) of the guinea fowl (Numida meleagris) using 89 bilateral self-reinnervation. Self-reinnervation involves peripheral nerve branch transection and immediate 90 repair, resulting in recovery of motor output with long-term, local loss of autogenic muscle proprioception (Cope 91 et al., 1994; Bullinger et al. 2011). Self-reinnervation occurs through axonal regrowth and reconnection with 92 denervated tissues over a recovery period of 4-8 weeks (Carr, et al., 2010; Cope, et al., 1994; Gordon & Stein, 93 1982; Vannucci et al., 2019) . Reinnervated muscles remain unresponsive to stretch due to synaptic retraction of 94 muscle spindle afferents from spinal cord lamina IX, leading to disconnection from parent motoneuron 95 populations (Alvarez et al., 2011). However, intermuscular force and length feedback networks may remain at 96 least partially intact (Lyle et al. 2016) . Cats with reinnervated muscles show normal muscle activity and inter-97 joint coordination during level, slow gait (Maas et al., 2007) , with deficits in ankle-knee coordination on a 98 decline (Abelew et al., 2000) . They also exhibit high variance in inter-joint coordination, but preservation of musculoskeletal plasticity to maintain function and suggest self-reinnervation as a promising tool to investigate 101 sensorimotor control mechanisms. 102
Study of neuromuscular control in the guinea fowl, a bipedal animal model, provides insight into similarities and 103 differences among vertebrates that may relate to locomotor modality, evolutionary history, or both. Birds share 104 key features of sensorimotor structure and function with mammals, including muscle tissue properties (Nelson, 105 et al., 2004; Poore et al., 1997) and muscle proprioception through muscle spindle and Golgi tendon organs 106 (Dorward, 1970; Haiden & Awad 1981; Maier, 1992) . Ground birds use bipedal walking and running gaits with 107 mechanics, energetics and stability demands that are similar to human locomotion (Daley & Birn-Jeffery, 2018; 108 Gatesy & Biewener, 1991; Heglund, et al., 1982; Taylor, et al., 1982) . Bipedal gaits also limit the redundancy of 109 control mechanisms and poses a challenge for dynamic stability. Whereas a quadrupedal cat or rat could 110 compensate for deficits by shifting weight bearing among legs, a biped with a bilateral proprioceptive deficit 111 cannot. Accordingly, we expect the response to proprioceptive deficit to be more constrained in a biped 112 compared to a quadruped. Additionally, bipedal gait involves substantial periods of single-limb contact, which 113 simplifies biomechanical analysis and facilitates an integrative understanding of muscle, limb and whole-body 114 dynamics (Roberts, et al., 1997; Nishikawa et al., 2007; Daley, et al., 2009; Clark & Higham, 2011; Daley & 115 Biewener, 2011). 116 We hypothesize that autogenic proprioceptive deficit will lead to increased reliance on feedforward control 117 mechanisms and intrinsic muscle mechanics to maintain stable locomotion. To test for shifts in stability and 118 control mechanisms, we measured ankle kinematics and in vivo LG muscle dynamics (length, force and 119 activation) during treadmill running on level and obstacle terrain. There are several possible mechanisms that 120 could potentially compensate for autogenic proprioceptive deficit: 1) If feedback regulation of LG activity is 121 essential for stability during fast locomotion, loss of LG autogenic proprioception may necessitate increased 122 heterogenic reflex gains from synergists, with a slight delay compared to intact animals, as observed in cats 123 (Pearson et al. 1999) . 2) Alternatively, birds with proprioceptive deficit might compensate through increased 124 feedforward muscle activation before obstacle contact, as observed in birds negotiating high-contrast, visible 125
Methods 135
Animals and training 136
We obtained and reared six hatchling guinea fowl keets (Numida meleagris) from a breeder (Hidden Hollow  137 Acres, Whitehouse Station, NJ), to allow re-innervation surgeries in juveniles with at least 12 weeks for recovery 138 before in vivo muscle procedures (see below). At the time of the in vivo muscle measurements, the guinea fowl 139 had reached adult size, averaging 1.84±0.26 kg body mass. Birds had primary feathers clipped and were trained 140 to run on a level motorized treadmill (Woodway, Waukesha, WI, USA) at speeds ranging from 0.5-5.0 ms -1 . 141
Training sessions were 15-20 minutes in duration, with breaks for 2 minutes as needed. We trained all subjects 142 for 3 days per week for 1-2 weeks before data collection. All experiments were undertaken at the Concord Field 143 Birds were induced and maintained on a mid-plane of anesthesia using isoflurane (2 -3%, mask delivery). We 148 administered perioperative enrofloxacin and flunixin intramuscularly for analgesia after induction and continued 149 for three days after each surgery. Birds recovered to bilateral weight bearing within 20 minutes following 150 completion of surgical procedures. 151
Reinnervation surgery 152
The timing of surgeries was planned based on a pilot study, which found full recovery of LG motor activity by 6 153 weeks following reinnervation surgeries, and continued absence of calcaneal tendon reflex one year later, 154 indicating continued absence of autogenic stretch reflexes (Carr et al., 2010). We bilaterally transected and 155 immediately repaired the peripheral nerve branch supplying the LG muscle in maturing guinea fowl between 7-156 12 weeks of age. We then allowed time for full reinnervation recovery of motor output and growth to adult size 157 before a subsequent surgery to implant muscle transducers ( Fig. 1 ). In the reinnervation surgery, a lateral 158 incision was made posterior-distal to the knee to expose the underlying muscle. Blunt dissection enabled 159 exposure and identification of relevant nerve branches, and the identity of the correct nerve branch was 160 confirmed using an isolated nerve stimulator (SD48, Grass Instruments, Warwick, RI) to visualize contraction in 161 the LG. After pre-placement of single longitudinal throw of 6-0 braided non-absorbable silk (Silk, Ethicon, 162
Somerville, NJ, USA) through a 3 mm nerve section, we transected the nerve branch and sutured to appose the 163 cut nerve endings. Fibrin glue (bovine thrombin in CaCl2, fibrinogen, fibronectin from bovine plasma) was applied over the apposed nerve endings as an additional repair scaffold (Carr et al., 2010; Spotnitz, 2010) . We 165 closed the fascia and skin with 3-0 braided absorbable polyglactin (Vicryl, Ethicon, Somerville, NJ, USA). 166
In the immediate post-operative period, bilateral limb posture was visibly more crouched compared to 'intact' 167 birds and Achilles tendon tap revealed no functional stretch reflex. LG atrophy was qualitatively observed during 168 the first 2 weeks of the recovery period. Within 1 week of surgery, bird activity levels appeared comparable to 169 intact conspecifics, with limb posture partially recovered. From 2-3 weeks onwards, differentiating reinnervated 170 from 'intact' birds was not possible from grossly observable limb morphology, posture and gait. We conducted 171 regular treadmill training from 7 weeks after reinnervation surgery. During training and experimental recordings, 172 birds did not stumble or fall with noticeably greater frequency than observed in intact birds (Daley & Biewener 173 2011) and were able to maintain treadmill position over a similar speed range. 174 
Transducer implantation surgery 175
When the birds were 23-28 weeks old (13-16 weeks following bilateral reinnervation surgeries), we performed a 176 second surgery for transducers placement, following similar procedures as Daley and Biewener (2003). The 177 surgical field was plucked of feathers and gently cleaned with antiseptic solution (Prepodyne, West Argo, 178
Kansas City, MO, USA). We tunneled transducer leads subcutaneously from a 1-2 cm incision over the 179 synsacrum to a second 4-5 cm incision over the lateral left shank. Sonomicrometry crystals (2.0 mm; 180 Sonometrics Inc., London, Canada) were implanted into the lateral head of the gastrocnemius (LG) along the 181 fascicle axis in the middle 1/3rd of the muscle belly. Crystals were placed in small openings using fine forceps, 182 approximately 3-4 mm deep and 15 mm apart. We verified signal quality using an oscilloscope and secured the 183 crystals by closing the overlying muscle fascia and lead wires with separate 4-0 silk sutures (Silk, Ethicon, 184
Somerville, NJ, USA). Next to the crystal pair, we implanted bipolar EMG electrodes constructed from two 185 strands of 38-gauge Teflon-coated stainless steel (AS 632, Cooner Wire Co., California, USA) with staggered 186 1 mm exposed regions spaced 1.5 mm apart. Electrodes were placed using sew-through methods and surface 187 silicon anchors (3 x 3 x 2 mm) positioned with a single square knot at the muscle surface-electrode interface 188 polyurethane coating (Micro-Measurements, Raleigh NC) was implanted on the common gastrocnemius tendon, 190 equipped with a metal foil strain gauge (type FLA-1, Tokyo Sokki Kenkyujo). We connected transducers to a 191 micro-connector plug (15-way Micro-D, Farnell Ltd, Leeds, UK) sutured to the bird's dorsal synsacrum. 192
Transducer recordings 193
A lightweight shielded cable was used to connect the microconnector to data acquisition systems. Crystal alignment relative to the fascicle axis (α) was within 2°, indicating that errors due to misalignment were 212 <0.1%. We calibrated the tendon force buckle in situ post mortem by applying a series of known cyclical loads 213 using a force transducer (model 9203, Kistler, Amherst, MA), which yielded linear least-squares calibration 214 slopes with R 2 > 0.97. 215
Experimental protocol 216
The guinea fowl were run at 1.7-2.0 ms -1 for 30-second trials spaced with 10-minute rest periods with access to 217 food and water. We recorded trials at the same speed for uniform level terrain and terrain with 5 cm obstacles. 218
The speeds and terrain conditions were consistent with those recorded for intact guinea fowl (Daley & Biewener 219
The treadmill belt (Woodway, Waukesha WI) was slatted black rubber-coated steel with running surface 221 55.8 cm x 172.7 cm with clearance for obstacles beneath. Obstacles were constructed from styrofoam reinforced 222 with cardboard covered with black neoprene to form a light, stiff surface. Waterproof glue (Shoe Goo, Eugene, 223 OR, USA) secured heavy-duty fabric hook and loop fastener (Velcro, Cheshire, UK) to the obstacle and 224 treadmill surface. Four sequential slats of obstacles produced a 20 cm 2 continuous obstacle surface. Obstacles 225
were encountered approximately every 4-5 strides, with some variation due to varied stride length and treadmill 226 station keeping. We recorded high-speed video at 250 Hz (Photron, San Diego, CA, USA) for analysis of ankle 227 kinematics, detection of stride timing and statistical coding of strides in relation to obstacle contact. 228
Data Processing 229
The analyzed data includes all strides in the level and obstacle terrain. In total, we analyzed 1024 strides for 230 reinnervated individuals (n=6) and 1511 strides for intact individuals (n=6) across level and obstacle terrain 231 conditions. Data from the intact individuals was published previously in Daley and Biewener (2011) and is 232 included here to allow for direct statistical comparison. The dataset analyzed here includes a larger sample of 233 strides and more variance in obstacle contact conditions than reported in Daley and Biewener (2011), because 234 the previous analysis included only the obstacle strides in which the foot stepped cleanly and directly onto the 235 obstacle with no previous brushing of the foot or toes. 236
We assigned strides categories in relation to the obstacle encounters, using the same approach as in Daley and 237 Biewener (2011), which considers the stride sequence of the instrumented leg: the stride prior to an obstacle 238 contact (S -1), obstacle contact strides (S 0), the stride following obstacle contact (S +1), and strides within the 239 level region between obstacles (S +2). All level terrain strides were assigned the same stride category (L). Note, 240 this is simpler stride coding than presented in Gordon and colleagues (2015) , which also considered the timing of 241 obstacle encounters by the contralateral leg. Strides in which the contralateral limb had made contact with the 242 obstacle in the previous step are grouped here into the (S +2) category, for simplicity. This does not substantially 243 alter the findings, because the coding was similar between intact and reinnervated birds, and the analysis here is 244 focused on understanding the shifts in LG force-length dynamics in relation to a direct obstacle encounter by the 245 instrumented leg. 246 . This was used to calculate total 249 myoelectric intensity per stride (Etot) and mean frequency of muscle activation (Efreq). We calculated fractional 250 fascicle length (L) from sonomicrometry data using mean length in level terrain as a reference length (L o ). Note, 251 however, that L o is not directly related to sarcomere length or optimal length for the isometric force-length 252 curve, which were not measured. Fractional fascicle length was differentiated to obtain fascicle velocity (V, in lengths per second, Ls -1 ). Shortening strains are negative. We multiplied fascicle velocity (in ms -1 ) by tendon 254 force (in Newtons, N) to calculate muscle power (Watts), which was integrated through time to calculate total 255 work per stride (Joules, J; with shortening work being positive), and then normalized by muscle mass to obtain 256 mass-specific muscle work (Jkg -1 ). We also recorded muscle (fascicle) length, velocity and force at specified 257 times to evaluate how strain and activation factors influence muscle force and work output. All data processing 258 was completed using MATLAB (Mathworks, Inc.; Natick, MA, USA). 259
Statistics 260
We used a linear mixed-effects model ANOVA with treatment (intact/reinnervated) and stride category (stride We find that the general pattern of in vivo force-length dynamics of the guinea fowl reinnervated lateral 270 gastrocnemius (rLG) is qualitatively similar to that previously measured in intact birds. An illustrative ten-stride 271 sequence of length, force and EMG recordings is shown for rLG in Figure 2 . During the swing phase of the 272 stride cycle, rLG exhibits period of passive stretch, followed by shortening that begins shortly after mid-swing. 273
Activation and force development begin in late swing around the time of the transition from stretch to 274 shortening, with activation initiating rapid active shortening until foot contact (Fig. 2 , toe down at dashed 275 vertical lines, with light grey bird silhouette). At the time of foot contact, force increases rapidly to peak before 276 midstance and then declines more slowly. Typically, rLG shortens slowly throughout force development, 277 producing net positive work. However, muscle fascicle length change during contraction can vary between a 278 stretch-shorten trajectory in some strides (e.g., Fig. 2, stride 3) and continuous shortening in others (e.g., Fig. 2,  279 stride 5). 
281

Force-length dynamics during obstacle negotiation 282
The guinea fowl LG exhibits rapid increases in force and work output upon foot contact with an obstacle, and 283 this stabilizing response remains qualitatively similar between intact and reinnervated conditions (Fig. 3) . Upon 284 obstacle contact, LG remains at longer lengths, reaches higher peak force and shortens steadily throughout force 285 development ( Fig. 3, S 0) . This corresponds to an increased total impulse (integral of force) and net positive 286 work produced during the stride cycle (the area enclosed within the work loop). In S 0, the net total work 287 produced (Wnet) increases by 4.23±2.03Jkg -1 (mean±S.D) in intact LG (iLG) and 4.44±2.44Jkg -1 in rLG 288 compared to steady-state level strides. In Figure 4 , average length, force and EMG trajectories are shown over 289 time for example individuals with intact and reinnervated LG, for both level and obstacle terrain conditions. 290
Notably, despite deficits in LG monosynaptic reflex following reinnervation, rLG and iLG show similar 291 increases in total muscle activation intensity (Etot, integral of EMG) in obstacle strides (S 0, Fig. 4 , Table 1 & 2). 292
The timing and mechanisms of the increased activation will be explored further below. 293 
295
Shifts in steady state force-length and activation dynamics between intact and reinnervated LG 296
Although the force-length dynamics of iLG and rLG are qualitatively similar, they exhibit several differences in 297 specific features of muscle dynamics (Fig. 5 ). The rLG shows higher mean active shortening velocity (Vmean), 298 faster shortening velocity at peak force (VpkF), shorter length at the time of 50% force development (LT50), and 299 higher mean frequency of EMG activity (Efreq) (Fig. 5, Fig. S1 ). These differences are quantified by the 300 'treatment' effect and coefficients in the ANOVA (Tables 1 & 2) . 301 302 Additionally, the steady-state timing of rLG activation (EMG) is phase-shifted to 6% (23ms) earlier in the stride 303 cycle relative to the length trajectory ( Fig. 6) , quantified by the variable 'Ephase' in the ANOVA (Table 1, Table  304 2). Earlier onset of activation may help explain the higher rate of shortening throughout stance, with fewer 305 strides exhibiting the stretch or isometric phase that often occurs in early stance in iLG (Fig. 4) . Although the 306 total muscle work produced (Wnet) is similar in magnitude between reinnervated and intact conditions, the 307 mechanisms of work production differ (Fig. 5) . In iLG increased work upon obstacle contact occurs through 308 increased peak force (Fpk) and force duration (Fig. 5, S 0, blue) . In rLG, increased work occurs through increased 309 Figure 5 . Box plots of median, interquartile range and 1.5 x IQR (yellow line, dark grey box, and light grey box, respectively), overlaid with data points for all measured strides of iLG (blue dots) and rLG (orange dots). Data are separated into stride categories for level and obstacle terrain (Lev, S -1, S 0, S +1, S +2), with the shaded box indicating obstacle contact. Data are shown for total work output (Wnet), peak force (Fpk), velocity and length at peak force (VpkF, LpkF), total EMG activity (Etot) mean frequency of EMG activity (Efreq), rate of force development and total force duration. See Tables 1-2 for additional measured variables and statistical results.
Figure. 6. Phase relationship between length and EMG activation (Ephase) A)
Average steady-state length and activation trajectories for iLG and rLG in level terrain, aligned in time based on peak length during the swing phase, before footsubstrate contact. Black dot and vertical dashed line indicate the time of peak fascicle length. Timing of foot contact is indicated by downward triangles. B) Linear mixed effect model coefficients and 95% confidence intervals for Ephase. The 'Overall' term corresponds to the steady-state difference between iLG and rLG across both level and obstacle terrain. Within obstacle terrain, coefficients are shown for three stride categories: preceding, on and following obstacle contact (S -1, S 0, S +1), with the shaded box indicating obstacle contact. Ephase is reported in the ANOVA tables as a fraction of the stride cycle but has been converted to milliseconds here.
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Shifts in timing of obstacle-induced increases in EMG activity between iLG and rLG 326
To further explore the timing of obstacle-induced changes in LG force, length and activation, we calculated the 327 difference between the average trajectories for steady-state level strides (Lev) and obstacle perturbed strides (S 328 0) for each individual, and then calculated the mean and 95% confidence interval across individuals for the 329 deviation trajectory (Fig. 7) . 330
Although the average total increase in Etot is similar (Table 2), the timing of increased activation in obstacle 331 encounters differs between iLG and rLG. Increased neural activation begins 30-40 ms before changes in length 332 and force in obstacle strides, for both iLG and rLG, (Fig. 7) , suggesting an anticipatory (feedforward) 333 contribution. In iLG, the anticipatory increase in EMG starts ~25% of stride period, which is followed by a later 334 burst of increased EMG activity starting ~58% of stride period, suggesting both feedforward and reflex-mediated 335 feedback contributions to increased EMG activity in obstacle contact strides (Fig. 7) . In rLG, the anticipatory 336 increase in EMG starts around 21% of stride period, however activity in the latter half of stance is highly 337 variable and idiosyncratic among individuals, as indicated by the wide 95% confidence intervals spanning -0.2 to 338 +0.2 of level EMG intensity for the period between 40-75% of the stride (Fig. 7, Fig. S2 ). In contrast, the two 339 distinct bursts of increased EMG in iLG shows greater consistency in the feedforward and feedback 340 contributions across individuals (Fig. 7) . Cross-correlation between the obstacle perturbation trajectories for iLG 341 reveals a correlation of 0.82 between length and EMG deviations, and a correlation of 0.85 between force and 342 EMG deviations. For rLG, the cross-correlations are reduced to 0.53 between length and EMG deviations, and 343 0.57 between force and EMG deviations, respectively. The reduced correlations suggest a disrupted reflex-344 mediated response to muscle load and strain in the latter half of stance in rLG, but which is present in iLG (Fig.  345   7) . Considering that the changes in muscle length and force are strongly correlated with each other during 346 obstacle encounters in both intact and reinnervated conditions (Fig. 7) , it is difficult to distinguish the specific 347 sensory signal eliciting reflex responses. Figure. 7 . Deviations in the trajectories of LG muscle length, force and activation in obstacle perturbed strides (S 0) compared to steady level terrain (grand mean and 95% CI across individuals). The horizontal zero line indicates no difference from level terrain. Black asterisks (*) indicate the first timepoint that is significantly different from level terrain. The shaded box highlights the time period with increased EMG activity before significant deviations in length and force. This suggests an anticipatory increase in neural drive to the LG. The outlined black box in A indicates a 2 nd period of increased EMG in late stance in the iLG, suggesting a reflex-mediated response. In B, the wide 95% confidence intervals for rLG EMG in late stance indicate inconsistent patterns of activity across individuals, despite consistent deviations in force and length. This suggests disrupted autogenic proprioceptive reflexes and idiosyncratic heterogenic feedback patterns across individuals.
349
Stability and kinematic changes during obstacle negotiation in intact vs reinnervated birds 350
Several differences between iLG and rLG suggest that birds with rLG have reduced stability in obstacle terrain. 351
Differences in the obstacle response and recovery are revealed by the interaction term (treatment x stride 352 category) in the linear mixed effect ANOVA (Tables 1-2). Obstacle-induced (S 0) increases in peak force (Fpk), 353 force impulse (Jtot) and work output (Wnet) are higher in magnitude and variance for rLG compared to iLG ( Fig.  354 5, Table 2 ). In rLG, a larger number of significant differences from level terrain persist in the stride following 355 obstacle contact (S +1), as indicated by significant increases in Fpk, Jtot, Vpk and Etot in rLG but not iLG (see 'Tr x 356 (S +1)' coefficients in Table 2 ). Additionally, rLG shows increases in peak force (Fpk) and force impulse (Jtot) in 357 strides preceding obstacle contact (S -1) and in non-obstacle strides within obstacle terrain (S +2), but with 358 higher variance compared to iLG (Fig. 5, Table 2) . In contrast, iLG shows lower force and work output in non-359 obstacle strides within the obstacle terrain, and similar variance as in level terrain (Fig. 5, Table 2 ). Muscle activation (Etot) increases by 11-12% on average for both rLG and iLG in non-obstacle strides within obstacle 361 terrain, compared to level terrain (Table. 2). In rLG there is also an additional 27% increase in Etot increase in S 362 +1, immediately following obstacle contact. Taken together, these results suggest that both iLG and rLG face 363 increased activation costs to maintain stability in obstacle terrain, but the rLG exhibits higher variance and 364 slower recovery to steady state patterns of activation, force and length dynamics, indicating reduced stability. 365
Reinnervated birds also exhibited differences in running kinematics in obstacle terrain, undergoing a more 366 pronounced ankle flexion in obstacle encounters (Fig. 8) , and showing higher variation in stride duration, with a 367 shorter stride in preceding the obstacle encounter (S -1), which is not observed in intact birds (Fig. 8) . These 368 kinematic changes are consistent with greater feedforward preparation for the obstacle encounter in reinnervated 369 birds. 370 Figure. 8. Ankle kinematics in guinea fowl with intact and reinnervated lateral gastrocnemius (LG). A) Example ankle joint angle trajectories for a bird with intact LG (blue, top) and a bird with reinnervated LG (orange, below), running over level and obstacle terrain (dashed and solid lines, respectively). B) Linear mixed effect ANOVA coefficients and 95% confidence intervals for three obstacle terrain stride categories (S -1, S 0, S +1) compared to level terrain. In obstacle strides (S 0, shaded box), the ankle is more flexed at foot contact in reinnervated birds compared to intact birds. Reinnervated birds show a shorter stride period in S -1, preceding the obstacle encounter, suggesting anticipatory preparation.
Discussion 372
What is the role of proprioception in the control of high-speed locomotion? 373
We investigated the role of proprioceptive feedback in the sensorimotor control of running by examining the effects of & Ellaway, 2012). We hypothesized that an autogenic proprioceptive deficit will lead to increased reliance on 381 feedforward tuning of muscle activity to achieve stable muscle dynamics in obstacle terrain. In birds with intact LG 382 proprioception, the timing of muscle activity in obstacle-perturbed strides is consistent with combined feedforward and 383 feedback control (Daley & Biewener 2011, Gordon et al. 2015) . Birds with reinnervated LG (rLG) exhibit a consistent 384 phase shift in EMG relative to muscle length, with activation starting 6% earlier (23ms) in the steady state contraction 385 cycle, in both level and obstacle terrain (Fig. 6, Table 2 ). This is consistent with a feedforward tuning of rLG activation 386 timing to enable rapid force development and higher muscle stiffness at the time of foot contact, in the absence of 387 monosynaptic reflexes. Birds with rLG also show anticipatory changes in stride timing and ankle flexion, consistent 388 with feedforward adjustment to maintain intrinsic stability following loss of proprioception. Regulation of force duration 389 in obstacle strides is absent in rLG ( Fig. 5 ), suggesting that proprioceptive feedback in late stance normally regulates 390 force duration, which is disrupted following reinnervation. humans subjected to unexpected changes in terrain height and stiffness (Dick, et al., 2019; Ferris, et al., 1999; 402 Moritz & Farley, 2004) . In concert with the stabilizing contributions of the intrinsic muscle-tendon dynamics, 403 guinea fowl with intact proprioception also use both feedforward and feedback regulation of muscle activity to 404 maintain stability in obstacle terrain, with greater feedforward contributions when obstacles are visible and high We find that guinea fowl with LG proprioceptive deficit achieve similar total increases in EMG magnitude 407 during obstacle strides, demonstrating that they do not rely on intrinsic mechanics alone following reinnervation. 408
The increases in activity occur early in the stride, before obstacle-induced changes in muscle force and length 409 ( Fig. 7) ; consistent with anticipatory, feedforward increases in neural drive to the muscle, similar to that 410 observed in birds running over high-contrast visible obstacles (Gordon et al. 2015) , and humans hopping on 411 randomized but expected increases in surface stiffness (Moritz & Farley, 2004) . These findings are consistent 412 with a hybrid feedforward/feedback control model as conceptualized by Kuo (2002) in which feedforward and 413 feedback gains are balanced to enable accurate state estimation and robust cyclical dynamics in the presence of 414 both disturbances and sensory error. 415
416
We do observe shifts in muscle activity in late stance in some individuals in response to obstacle encounters, 417 which suggests heterogenic reflex responses in reinnervated LG (Fig. 4) . However, these responses are variable 418 and idiosyncratic, with some birds showing increased EMG in late stance in obstacle strides, and others showing 419 a decrease (Fig. S2) . The variable and idiosyncratic reflex responses result in wide confidence intervals for the 420 obstacle-induced EMG response in the latter half of stance, despite consistent force-length trajectories over the 421 same time-period (Fig. 7) . The idiosyncratic use of heterogenic reflex modulation across individuals following 422 nerve injury recovery is consistent with findings in cats (Lyle & Nichols, 2017) . Guinea fowl have several 423 agonist muscles to the LG that could contribute to heterogenic feedback modulation, including the medial 424 and stabilizing responses in obstacle terrain following self-reinnervation. Reinnervated LG achieves qualitatively 434 similar stabilizing response to obstacle encounters, but with multiple differences in the underlying 435 neuromuscular mechanisms (Fig. 9) . The shift to earlier rLG activation and more flexed ankle kinematics 436 suggests coordinated plasticity and tuning of feedfoward control and intrinsic mechanics to maintain ankle 437 stiffness and stable locomotion following recovery from nerve injury. Earlier activation enables higher muscle 438 force development to resist the external load applied at foot contact, and therefore likely contributes to a higher level and obstacle terrain, despite the disrupted regulation of force duration. These changes suggest integrated 441 plasticity of neural and musculoskeletal systems during the recovery from nerve injury. The findings also 442 suggest that sensorimotor mechanisms may be optimized over time to maintain higher-level performance 443 objectives such as stable body dynamics. Similarly, cats that have recovered from nerve injury exhibit high 444 variance in inter-joint coordination but preserve whole-limb function (Chang et al. 2009 ), suggesting that 445 consistent performance of task-level locomotor goals is a target of sensorimotor optimization. Nonetheless, 446 although the rLG achieves an effective stability response, it requires relatively higher activation for a less 447 effective outcome-the reflex response of the intact system enables robust stability with lower energy costs of 448 muscle activation. 449 Figure 9 . Schematic illustration of the neuromechanical control system for locomotion, indicating the mechanisms observed to change in response to self-reinnervation in the lateral gastrocnemius (LG) of guinea fowl. Green text indicates the in vivo experimental measures used in this study to infer sensorimotor control mechanisms. On the right, black text summarizes the changes observed in the control and muscle mechanics of the LG in response to the self-reinnervation recovery and chronic autogenic proprioceptive deficit. Guinea fowl with proprioceptive deficit maintain qualitatively similar force-length muscle dynamics and stabilizing responses to obstacle encounters during running. However, they use a combination of feedforward and intrinsic mechanical control mechanisms to compensate for disrupted proprioceptive reflexes, suggesting interconnected plasticity of neural and musculoskeletal mechanisms in the recovery from nerve injury.
450
A recent study by Sawicki et al. (2015) found that earlier onset of activation was associated with a shift to energy 451 absorption in cyclical muscle contractions with a sinusoidal MTU length trajectory. We find here that earlier onset is 452 associated with greater shortening and work production. The specific response of a muscle to a shift in activation phase 453 is likely to be highly sensitive to the specific steady-state length trajectory of the muscle. Muscle force capacity and the 454 activation and deactivation kinetics are substantially influenced by velocity and recent strain history, as demonstrated in 455 controlled studies of in vitro muscle force-length work loops (Askew & Marsh, 1998; Josephson, 1999) . Further work is needed to understand how in vivo muscle fascicle length dynamics interact with neural activation patterns and MTU 457 compliance to enable tuning of muscle contraction dynamics to the mechanical demands of cyclical locomotor tasks. 458
It is important to note that the self-reinnervation procedure requires a long-term recovery period and results in a 459 chronic sensory deficit, which is likely to lead to a complex array of changes in the musculoskeletal tissues and 460 the sensorimotor networks. The recovery process almost certainly involves coupled changes across multiple 461 systems, including connective tissue compliance, muscle activation kinetics, fiber type distribution, motor unit 462 size and distribution, spinal intraneuronal connectivity, and sensory integration in higher CNS centers for state 463 estimation and movement planning. Due to the complex nature of these adaptations, it is challenging to fully 464 tease apart individual contributions and mechanisms from in vivo experimental measures alone. Nonetheless, the 465 current results provide empirical evidence for feedforward tuning of muscle activation and ankle kinematics to 466 maintain intrinsic stability following loss of proprioception. 467
In future studies, these coordinated mechanisms of sensorimotor adaptation and plasticity could be 468 systematically explored through a combination of integrative experimental and computational approaches. These 469 approaches could include 1) closed loop neuromechanical simulations to enable predictive hypothesis testing 470 (Ijspeert, 2014; Roth, et al., 2014) , 2) combined use of in vivo measures of muscle dynamics with in vitro testing 471 of muscle contractile dynamics, to replicate biologically realistic force-length contraction dynamics, 3) 472 histological studies to examine changes in muscle fiber type distribution and connective tissue characteristics 473 following reinnervation, and 4) perturbation approaches that probe both short and long term adaptation 474 processes. 475
It remains unclear how the specific length trajectory and velocity features of in vivo muscle dynamics contribute 476 to the intrinsic stability and control of movement. Dynamic measurement techniques are needed to address this 477 challenge and to develop realistic models for in vivo muscle-tendon function. In additional to widely recognized 478 force-length and force-velocity 'Hill-type' properties, muscle exhibits well-documented short and long-term 479 history-dependent changes in force capacity in response to stretch and shortening (Edman, 1975; Edman et al. 480 1978; Edman, 1980; Josephson, 1999; Herzog, 2004 2012; Richards, 2011; . Integrative neuromechanical studies using multiple 485 techniques will be essential for unravelling mechanisms of muscle function, sensorimotor integration and 486 plasticity, and findings from these studies have important implications for many human health conditions, 487
including acute nerve injury, diabetic neuropathy, neurodegenerative disorders, cerebral palsy, and muscular 488 dystrophies. 489 Figure S2 . Average stride cycle trajectories (mean± 95% confidence intervals) for fascicle length, muscle-tendon force and myoelectric activity (EMG) during obstacle encounter strides (S 0, orange) compared to the level terrain averaged (grey), for all birds with reinnervated LG. Although the deviations in length and force during obstacle encounters is qualitatively similar across individuals, the shifts in EMG activation in the latter half of stance varies substantially across individuals, with some individuals showing reflex inhibition of activity (Ind 13, Ind 25) and others showing reflex excitation.
